Background/Aims: Osteogenic differentiation of mesenchymal stem cells (MSCs) plays a crucial role in bone regeneration and bone reparation. This complex process is regulated precisely and firmly by specific factors. Recent studies have demonstrated that miR-125b regulates osteogenic differentiation, but little is known about the molecular mechanisms of this regulation. Furthermore, how miR-125b regulates the osteogenic differentiation of MSCs still needs elucidation. Methods: In the present study, human bone marrow-derived mesenchymal stem cells (hBMSCs) were isolated and induced to osteoblasts with miR-125b inhibition or overexpression. qRT-PCR and western blot analysis were used to detect the expression of osteogenic marker genes and proteins. Alkaline phosphatase (ALP) and Alizarin Red (ARS) staining were performed to evaluate the osteoblast phenotype. TargetScan, PicTar and miRanda database were used to predict the target gene of miR-125b. Dual luciferase reporter assay and RNA interference were performed to verify the target gene. Micro-CT imaging and histochemical staining were used to investigate the bone defect repair capacity of miR-125b in vivo. Results: We observed that miR-125b was expressed at a low level during the osteogenic differentiation of hBMSCs. Then, we found that osteogenic marker genes were negatively regulated by miR-125b during the course of osteogenic differentiation, suggesting that miR125b down regulation plays an important role in the process of osteogenic differentiation. Bioinformatics approaches using miRNA target prediction algorithms indicated that the bone morphogenetic protein type Ib receptor (BMPR1b) is a potential target of miR-125b. The results of the dual luciferase reporter assay indicated that miR-125b binds to the 3'-UTR of the BMPR1b gene. We observed that knockdown of BMPR1b by siRNA inhibited the osteogenic differentiation of hBMSCs. Furthermore, by co-transfecting cells with an miR-125b inhibitor and si-BMPR1b, we found that the osteogenic capacity of the cells transfected with miR-125b inhibitor was blocked upon knockdown of BMPR1b. In vivo, demineralized bone
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Introduction
Human bone marrow-derived mesenchymal stem cells (hBMSCs) are a type of pluripotent stem cells derived from bone marrow; these cells were the first members of the mesenchymal stem cell (MSC) family to be discovered [1] . Upon stimulation by specific environmental factors, MSCs can be induced and differentiated into a variety of adult tissues, such as bone, fat, cartilage, nerve and muscle [2] [3] [4] [5] [6] . Because of their strong regenerative properties and multi-potentiality, MSCs might be used in cell therapies and tissue engineering [7] [8] [9] [10] [11] . As the precursor cells of osteoblasts, hBMSCs play a crucial role in either bone formation or bone differentiation and have become an optimal source of seed cells in bone tissue engineering [12, 13] .
MicroRNAs (miRNAs) are a type of endogenous non-coding single-stranded small RNA molecule approximately 19-25 nt in length that regulates the target genes by incomplete complementarity to their nucleotides with either the 3' untranslated region (3'-UTR) or open reading frame (ORF), eventually resulting in the suppression of gene expression by inhibiting translation or promoting mRNA decay [14] . miRNAs have emerged as key regulators of diverse physiological and pathological processes, such as cell proliferation, differentiation, apoptosis and cancer [15, 16] . As the key regulator, miRNAs also take part in the osteogenic differentiation and genesis of bone regeneration-related diseases [17, 18] . As important regulatory factors, miRNAs play a critical role in the proliferation and differentiation of stem cells. In recent years, more researchers have found that complex molecular mechanisms and intricate regulatory networks exist between MSCs and miRNAs. For instance, one study found that miR-33a-5p expression was significantly increased after TNF-alpha treatment during bone morphogenetic protein (BMP)-2-induced osteogenic differentiation of hBMSCs. Furthermore, miR-33a-5p modulates TNF-alpha-inhibited osteogenic differentiation by targeting SATB2 expression in hBMSCs [19] . A recently study demonstrated that miR-214 represses the osteogenic differentiation of MSCs by inhibiting the FGFR1/FGF signaling pathway [20] . Moreover, suppression of miR-222-3p activity promoted the osteogenic differentiation of hBMSCs through regulating the Smad5-RUNX2 signaling axis [21] . With the development of related studies, miRNAs could probably be applied in bone tissue engineering and disease therapy.
In this study, we demonstrated the negative regulatory function of miR-125b in the osteogenic differentiation of hBMSCs and investigated the expression levels of osteogenic marker genes in vitro. Furthermore, BMPR1b, an important regulator of the osteogenic differentiation of hBMSCs, was identified as a direct target of miR-125b. The results showed that down-regulating miR-125b would promote osteogenic differentiation; however, the effect of miR-125b inhibitor was blocked by knockdown of BMPR1b. Our finding suggested that miR-125b regulated the osteogenic differentiation of hBMSCs by targeting BMPR1b. Additionally; this study showed that implanting DBM-hBMSC complexes with miR-125b inhibitory function in vivo improved the bone defect repair capacity.
Materials and Methods
Isolation and culture of hBMSCs hBMSCs used in the experiments were derived from a young healthy male volunteer. A total of 10 mL of bone marrow aspirate was collected from the posterior iliac crest of the volunteer under aseptic conditions. Mononuclear cells were isolated from the bone marrow using Percoll solution (Sigma, USA; density, 1.073 g/L) and then washed twice with PBS. Cells were resuspended and cultured in Dulbecco's minimum essential medium/nutrient mixture F-12 (DMEM/F12 HyClone, USA) supplemented with 10% fetal bovine serum (FBS, HyClone, Australia, thermoscientific.com), 2 mM L-glutamine (Sigma USA), and 100 U penicillin/streptomycin (Sigma USA). The cells were maintained at 37°C in a humidified incubator with 5% CO 2 . hBMSCs were separated by adherent culture and were used between the fourth and eighth passages in the experiments.
Osteogenic differentiation of hBMSCs in vitro
hBMSCs were plated at a density of 3×10 3 /cm 2 cells in plates. At 80% confluence, the medium was replaced with osteogenic differentiation medium containing Human Mesenchymal Stem Cell Osteogenic Differentiation Basal Medium, 10% FBS, 1% penicillin/streptomycin, 1% glutamine, 0.2% ascorbate, 1% β-glycerophosphate, and 0.01% dexamethasone (all components purchased from Cyagen, China) to induce differentiation. The induction medium was changed every 3 days, and the hBMSCs were cultured in the induction medium for 15 days.
miRNA target prediction
Prediction of miRNA target genes was performed using the TargetScan (http://www.targetscan.org/), PicTar (http://www.pictar.org) and miRanda (http://www.microrna.org/) databases.
Dual luciferase reporter assay
A BMPR1b 3'-UTR reporter vector was synthetized by Yingrun Biotechnology (China). Either wild-type BMPR1b or its mutant fragment were inserted in the vectors (Table 1 ) and were termed BMPR1b-Wt and BMPR1b-Mut, respectively. The sequences of the miR-125b binding site and the mutant site are underlined.
To estimate whether miR-125b could bind to the BMPR1b 3'-UTR, 293T cells were seeded in 96-well plates. The cells were transfected with the BMPR1b-Wt or BMPR1b-Mut reporter plasmid, miRNA NC (50 nM) or miR-125b mimics (50 nM) or an miR-125b inhibitor (50 nM) using Lipofectamine 2000 (Invitrogen, USA). According to the Promega protocol, cells were harvested after 48 hours, and then firefly and Renilla luciferase activities were assayed using the dual luciferase reporter assay system (Promega, USA). Renilla luciferase activity was normalized to firefly luciferase activity.
Vector construction and transfection of hBMSCs Lentiviral vectors were constructed by Genechem (Shanghai, China). After hBMSCs were trypsinized and resuspended, they (3×10 4 cells/well) were added to 6-well plates. Vector and polybrene were added after 24 hours. The lentiviral multiplicity of infection (MOI) was 10. An inverted fluorescent microscope was used to assess transfection efficiency after the infected hBMSCs were cultured for 72 hours.
Quantitative real-time polymerase chain reaction Total RNA was extracted from each cell sample using TRIzol (Beyotime, China), and cDNA was synthesized using a PrimeScript RT reagent kit (TaKaRa, China) according to the manufacturer's protocol. Quantitative real-time polymerase chain reaction was performed using Premix Ex Taq (TaKaRa, China). Reactions were cycled and quantified using a 7500 Fast Real-Time PCR System (Applied Biosystems). Each sample was tested in triplicate. Relative gene expression levels of mRNA or microRNA were evaluated, and GADPH was used as an endogenous normalization control. The primer sequences of the evaluated genes are listed in Table 2 . Western blot analysis After cells were washed twice with PBS, MSC lysates for Western blotting were extracted with RIPA lysis buffer (Beyotime, China) supplemented with phenylmethylsulfonyl fluoride (PMSF), and the protein concentration of the lysate was determined using a BCA protein assay kit (Beyotime, China). Equal amounts of protein samples were separated on a gel by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore Corporation, Billerica, MA). After the membranes were blocked with 5% non-fat milk for 1 hours, the membranes were incubated with primary antibodies against Runx2, OSX, OCN, and BMPR1b (Abcam, UK) as well as β-actin (Beyotime, China) according to the manufacturer's instructions. Then, the membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (Beyotime, China) for 2 hours. Bands were detected using ECL (Beyotime, China). Protein levels were quantified by densitometry using Quantity One software (Bio-Rad Laboratories, Munich, Germany).
Alkaline phosphatase staining, Alizarin Red staining and ALP assay
Cells were washed twice with PBS and fixed in 4% polyoxymethylene for 10 minutes. ALP staining was performed using a BCIP/NBT Alkaline Phosphatase Color Development kit (Beyotime, China) according to the instructions of the manufacturer. After the cells were fixed and washed, Alizarin red S staining solution (Cyagen, China) was added for 5 minutes. The samples were rinsed well 3 times with PBS and then imaged. hBMSCs were collected into a 96-well plate, and quantitative ALP measurements were performed using an Alkaline Phosphatase Assay kit (Nanjing Jiancheng Bioengineering Institute, China). ALP activity was determined at a wavelength of 520 nm.
Animals and surgical procedures
Ten 7-week-old male BALB/c nude mice weighing 16-23.5 g were used. All animal procedures were approved by the Institutional Animal Care and Use Committee of the Third Military Medical University. Before surgery, cut the DBMs (Datsing Biological Technology Co., Ltd, China) into 2mm×1.5mm×1.5mm and seed cells (3×10 4 /ml) one day in advance. The animals were anesthetized with an intraperitoneal injection of sodium pentobarbital (Sigma, USA, 45 mg/kg). The skin of the surgical areas was disinfected with 0.5% iodine and prepared for aseptic surgery. An 8-mm incision was made on the anterolateral thigh, and the vastus lateralis and biceps femoris were separated to expose the femur. The periosteum was incised along the length of the femur and then stripped. A 2 mm×1.5 mm segmental bone defect was created by applying a dental drill in the middle segment of femur, and bone grafts were used to fill in the defects. The wound was closed in layers with 6-0 sutures.
Micro-CT imaging
After the animals were euthanized, the areas of the femurs were imaged using a micro-computed tomography imager (SkyScan 1272, Bruker micro-CT, Kontich, Belgium). The images were scanned with a voxel size of 14 µm, a tube voltage of 70 KV, and a tube current of 114 µA. Images were reconstructed using micro-CT bundled software (GPU-based NRecon V1.6.9.8, Bruker micro-CT, Kontich, Belgium) and then analyzed using CTAn software (V1.14.10.4, Bruker micro-CT, Kontich, Belgium). Parameters including bone mineral density (BMD) and trabecular number (Tb.N) were calculated.
Paraffin section processing and histochemical staining
The animals were euthanatized at eight weeks after surgery. Femurs and the neighboring tissue were collected. The samples were fixed in 4% paraformaldehyde, decalcified with 10% EDTA and gradually dehydrated with ethanol. For histochemical analysis, samples were embedded in paraffin and sectioned. Finally, HE and Masson trichrome staining were performed to detect cells and bone structure. 
Statistical analysis
Data are presented as the mean±SD. Statistical significance was determined using a paired-samples t-test using SPSS 19.0, and p<0.05 was considered statistically significant.
Results

miR-125b inhibits osteogenic differentiation of hBMSCs
During the osteogenic differentiation of hBMSCs, the expression level of miR-125b was determined by qRT-PCR at different time points. As shown in Fig. 1A , the expression of miR125b decreased by more than 40% on the 3 rd day of induction compared with that of miR125b at day 0 and remained down-regulated until day 14. Subsequently, the expression level rebounded at day 21 but was still at a lower level compared with the pre-induction level. This finding suggests that miR-125b might down-regulate osteogenic differentiation.
To evaluate the effects of different lentiviral vectors on miR-125b expression in hBMSCs, an miR-125b lentiviral vector, an miR-125b inhibitor and their respective negative controls were transfected into hBMSCs. hBMSCs were harvested at different time points, and miR125b expression levels were detected by qRT-PCR. Mature miR-125b levels were elevated Fig. 1 . miR-125b inhibited the osteogenic differentiation of hBMSCs. (A) miR-125b expression levels were detected by qRT-PCR during the osteogenic differentiation of hBMSCs at different time points; (B) qRT-PCR detection of the miR-125b expression levels after hBMSCs were transfected with miR-125b lentiviral vector or a NC empty vector; (C) miR-125b expression levels after hBMSCs were transfected with an miR-125b inhibitor and or a NC empty vector; qRT-PCR detection of the mRNA expression levels of osteoblast-specific genes, including Runx2 (D), Osx (E) and OCN (F), on the 5 th day after transfection and induction of osteogenic differentiation; (G) Western blot analysis for marker genes was performed to investigate the effect of miR-125b on Runx2, Osx and OCN protein expression during the osteogenic differentiation of hBMSCs. (H) ALP activity was also measured under the same conditions; (I) ALP staining was performed on day 7, and ARS staining was performed on day 21 to show that ALP activity in and calcification of cells undergoing osteogenic differentiation were negatively regulated by miR-125b. (* p<0.05).
four-fold by miR-125b lentiviral vector relative to control at day 3 post-transfection, with the levels maintained at 10-, 9-and 8-fold higher at 5, 7 and 9 days, respectively (Fig. 1B) . Conversely, 1.9-, 4.7-, 3.7-and 4.2-fold reductions of endogenous miR-125b expression were shown after 3, 5, 7 and 9 days, respectively, following miR-125b inhibitor transfection (Fig.  1C) . The corresponding negative controls had a minimal effect on miR-125b content.
To study the impact of miR-125b on the osteogenic differentiation of hBMSCs, cells were induced toward osteogenic differentiation after being transfected with an miR-125b lentiviral vector or an miR-125b inhibitory lentiviral vector as well as their respective negative controls. As determined by qRT-PCR, the mRNA expression levels of some osteoblast-specific genes, including Runx2 (Fig. 1D) , Osx (Fig. 1E) and OCN (Fig. 1F) were significantly downregulated on the 5 th day after transfection but upregulated after inhibition of miR-125b. Meanwhile, the corresponding expression of proteins encoded by these genes was verified by Western blot (Fig. 1G) , and the Western results were consistent with the qRT-PCR results. Similar results were also observed for ALP activity (Fig. 1H) . The osteoblast phenotype was evaluated by determining ALP staining and ARS staining. Overexpression of miR-125b significantly reduced osteogenic differentiation, as indicated by decreased ALP activity (Fig.  1I , upper) and reduced in vitro calcium deposition as visualized by ARS staining (Fig. 1I , lower) in miR-125b-transfected hBMSCs compared with cells transfected with empty vector as a negative control. In contrast, ALP activity and calcium deposition were enhanced in miR125b inhibitor-treated hBMSCs.
The 3'-UTR of BMPR1b is a direct target of miR-125b
To investigate the molecular mechanisms that underlie xmiR-125b-mediated regulation of osteogenic differentiation, we searched for potential targets of miR-125 related to osteogenic differentiation using a bioinformatics approach with miRNA target prediction algorithms and TargetScan, PicTar and miRanda databases. We identified bone morphogenetic protein type 1b receptor (BMPR1b), which is a kinase receptor of BMPs that has been confirmed to play an important role in the course of osteogenic differentiation, as a potential target among the predicted candidates.
To investigate whether miR-125b could impact the expression of BMPR1b, hBMSCs were divided into five groups: miR-125b, 125b-NC, 125b-inhibitor, NC-inhibitor and control. According to the qRT-PCR ( Fig. 2A) and Western blot analyses (Fig. 2B) , the expression levels of the mRNA and protein of BMPR1b were significantly reduced in the miR-125b group compared with the 125b-NC or control groups on day 5 after osteogenic differentiation was induced. Conversely, down-regulation of miR-125b could increase the BMPR1b mRNA and protein contents. The expression of BMPR1b in either the 125b-NC or NC-inhibitor group minimally differed compared to the control group.
According to the predictions of TargetScan, the targeting site in the 3'-UTR of BMPR1b is partially complementary to miR-125b (Fig. 2C) . We hypothesize that miR-125b binds to the 3'-UTR of the BMPR1b gene, thus inhibiting the gene expression of BMPR1b. 293T cells were divided into three groups (Table 3) , and the dual luciferase reporter assay was performed to verify this hypothesis. As shown in Fig. 2D , the relative luciferase activity was decreased in the mimics group compared with the NC group but enhanced in the inhibitor group. To further confirm that miR-125b inhibits BMPR1b by binding to the 3'-UTR of the gene, a BMPR1b mutant reporter plasmid was constructed, and the cells were divided into three groups (Table 4 ). The dual luciferase activity assay detected that the relative luciferase activity of the BMPR1b-Wt group decreased compared with the NC group, but the BMPR1b-Mut group seemed to have hardly any difference compared to the NC group regarding luciferase activity (Fig. 2E) . The results indicated that BMPR1b is a direct target of miR-125b.
Knockdown of BMPR1b inhibits the osteogenic differentiation of hBMSCs
qRT-PCR and Western blot analyses were used to investigate BMPR1b expression levels at different time points during the course of osteogenic differentiation of hBMSCs. The mRNA expression levels increased by 31% on day 3 and were over 2-fold higher on day 7 as determined by qRT-PCR analysis (Fig. 3A) . Western blotting also showed similar results (Fig.  3B) . The results suggested that BMPR1b might be involved in the osteogenic process. Then, RNA interference was used to study whether BMPR1b could negatively regulate osteogenic differentiation. Cells were transfected with either si-BMPR1b or si-NC and then induced toward osteogenic differentiation. ALP activity was decreased upon knockdown of BMPR1b by RNA interference (Fig. 3C) . qRT-PCR analysis demonstrated that the mRNA expression levels of the osteogenic-specific genes Runx2 (Fig. 3D) , Osx (Fig. 3E) and OCN (Fig. 3F) were significantly decreased in the si-BMPR1b group compared with the si-NC or control groups; these findings were also in agreement with the Western blot results for the corresponding protein (Fig. 3G) . Similarly, the osteoblast phenotype revealed that BMPR1b knockdown could significantly inhibit osteogenic differentiation, which was represented as decreased ALP activity (Fig. 3H, upper) and reduced in vitro calcium deposition as measured by ARS staining (Fig. 3H, lower) .
BMPR1b knockdown blocks the effect of miR-125b
As shown in Fig. 3A , the content of BMPR1b peaked on day 7 during the osteogenesis differentiation of hBMSCs, while the expression of miR-125b was concurrently at a lower Table 3 . Dual luciferase reporter assay groups Table 4 . Dual luciferase reporter assay groups (mutated reporter) Wild-type BMPR1b 3'-UTR reporters were co-transfected with either miR-125b-mimics or miR-125b-inhibitor into 293T cells, and the dual luciferase reporter assay was performed. (E) Wild-type BMPR1b 3'-UTR reporters or mutated BMPR1b 3'-UTR reporters were co-transfected with miR-125b-mimics into 293T cells, and the dual luciferase reporter assay was performed. All of these data were averaged from three independent experiments, and the firefly luciferase activity was normalized to the Renilla luciferase activity as a control. *p<0.05, **p<0.01. level (Fig. 1A) . Combined with the aforementioned results, we could speculate that miR-125b should have some relationship with BMPR1b during osteogenic differentiation. To clarify the relationship between miR-125b and BMPR1b, hBMSCs were co-transfected with an miR125b inhibitor, which has previously been shown to promote osteogenesis, and si-BMPR1b, which could inhibit osteogenesis. Then, co-transfected cells were induced toward osteogenic differentiation. As shown by qRT-PCR analysis of osteogenic marker mRNA expression (Fig.  4 A-C) , Western blot analysis of osteogenic marker protein expression (Fig. 4D) , ALP activity assay (Fig. 4E) , and ALP and ARS staining (Fig. 4F) , cells co-transfected with either miR125b inhibitor or si-NC could still promote osteogenesis, but after knockdown of BMPR1b, inhibition of miR-125b could no longer improve osteoblast differentiation. These results indicate that knockdown of BMPR1b would influence the osteogenic capacity of the miR125b inhibitor. In conclusion, miR-125b regulated the osteogenic differentiation of hBMSCs by targeting BMPR1b.
Down-regulating miR-125b promotes the repair of segmental bone defects in vivo
To determine whether an miR-125b inhibitor could enhance the osteogenic capacity of hBMSCs in vivo, an established animal model of bilateral segmental femoral defects with athymic nude mice was used. Demineralized bone matrixes (DBMs) were selected as the scaffold and transplanted to areas of bone defects. hBMSCs transfected with the miR125b inhibitor and untransfected control cells were seeded in the DBM and then surgically transplanted into the defective regions. Micro-CT scans were performed 8 weeks after implantation, and the efficiency of bone defect repair was quantified with BMD and the Tb.N. As shown in Fig. 5A , regardless of experimental side or control side, bone defects were all repaired with grafts, but the micro-CT images showed a more compact structure of trabecular bone in the bone defect region on the experimental side (Fig. 5A, right) . On the experimental side, the BMD was increased by 51% (Fig. 5B) , and the Tb.N was increased by 79% (Fig. 5C ) compared to those on the control side. These results suggested that the experimental side had better bone regenerative capacity than the control side.
Histochemical staining, including HE (Fig. 5D, upper) and Masson trichrome staining (Fig. 5D, lower) , were performed to investigate new bone generation and bone maturity. As shown by HE staining, more trabecular bone and osteoblasts (arrows) were observed on the experimental side. By Masson trichrome staining, more mature bone structures were stained red (arrows) on the experimental side compared with the control side. These results suggest that down-regulating miR-125b promotes bone regeneration and accelerates bone maturity in the process of repairing bone defects with DBM-hBMSC complexes.
Discussion
As human mesenchymal stem cells (hMSCs) can be induced toward osteoblastic cells under appropriate conditions by specific osteoinductive factors, they have been regarded as one of the most important seeding cells in bone tissue engineering [9] [10] [11] . miRNAs have been reported to be critical regulatory factors in the osteogenic differentiation of hBMSCs [22] [23] [24] . Past research [25] has shown that miR-125b was involved in the osteogenic differentiation of ST2 cells through down-regulation of cell proliferation. Our research team has reported that miR-125b is a key regulatory factor of osteogenic differentiation in C3H10T1/2 cells [26] . However, little is known about the details of the influence of miR-125b on the osteogenic differentiation of hBMSCs in vitro and vivo. In this study, we identified miR-125b as a negative regulator of hBMSC osteoblast differentiation. The in vitro experimental results revealed that inhibition of miR-125b function enhanced the osteoblast differentiation of hBMSCs, whereas overexpression of miR-125b inhibited osteogenic differentiation. Furthermore, the in vivo experiments showed that by inhibiting miR-125b with antimiR-125b, the scaffold materials promote new bone formation and the repair of the bone defect. These results suggest that miR-125b plays an important role in bone formation in vitro and in vivo by negatively regulating the osteogenic differentiation of hMSCs and further enhancing the healing of bone defects in vivo.
BMPs are members of the transforming growth factor-β (TGF-β) superfamily [27, 28] . Two types of serine/threonine kinase receptors are required for signal transduction, including type I and type II receptors that bind to BMPs [29] , and both type I and type II receptors are required for signal transduction [28] . Some important members of BMPs such as BMP2, BMP4, BMP6, BMP7, BMP10 and BMP14 have been confirmed in previous studies and are of great significance in skeletal repair and regeneration [30] [31] [32] [33] . BMPR1b, a receptor of the aforementioned BMPs, has already been proven to play an important role in the osteogenic differentiation of MSCs [34, 35] . A previous study had observed that the increase in miR-125b expression was attenuated in osteoblastic-differentiated ST2 cells induced by BMP-4 [25] .
Most of the research about miR-125b mainly focused on the proliferation and migration of tumor cells [36, 37] . While some researchers observed that miR-125b inhibits osteogenic differentiation of MSCs, little is known about its target gene and the molecular mechanisms involved in this process. Using a bioinformatics approach with miRNA targeting prediction algorithms, we found that BMPR1B might be the target gene of miR-125b. This assumption has been subsequently verified by dual luciferase reporter assay, by which we found that miR-125b binds to the 3'-UTR of the BMPR1b gene. Therefore, we hypothesized that miR125b may down-regulate BMPR1b in the process of hBMSC osteoblast differentiation. To confirm this hypothesis, we used siRNA to block the expression of BMPR1b. The results showed that the osteogenic differentiation of hBMSCs was inhibited by down-regulating the expression of BMPR1b. Furthermore, the cells were co-transfected with si-BMPR1b and miR-125b inhibitor were observed to no longer promote the osteogenic differentiation of hBMSCs because the BMPR1b expression had been blocked by siRNA.
Demineralized bone matrix (DBM) is bone that has been acid-treated to remove the mineralized portion while maintaining the organic matrix and growth factors [38] and is usually derived from human allograft tissue. As a type of allograft, DBM has osteoconductive and osteoinductive properties that prompt bone regeneration and promote bone defect repair. The demineralization process destroys the antigenic materials in bone, making it less immunogenic than mineralized allografts [39, 40] . Currently, DBM is widely used in multiple medical applications [41] [42] [43] such as spinal fusions, skeletal defect repair and craniomaxillofacial surgeries. As DBM has no osteogenesis properties, it is commonly composited with cytokines or mesenchymal stem cells to improve the potential of enhanced bone regeneration [44, 45] . In this study, we selected DBM as the scaffold and hBMSCs as the seed cells. The reparative capacity of hBMSCs transfected with miR-125b inhibitor on bone defects were compared with that of the untransfected cells in vivo. Our results showed that the DBM-hBMSCs complexes with miR-125b inhibition had better capacity to repair defects in vivo, which was embodied by a higher bone mineral density and more trabecular bones in the defective areas. Moreover, bone regeneration and maturity was also increased on the experimental side. Combined with the previous results, we speculated that downregulating miR-125b would increase the content of osteogenic factors in the bone defect regions such that the osteogenesis was enhanced. The results provide the possibilities for the modification and improvement of engineered bone tissue grafts.
In summary, our results demonstrate that miR-125b functions as a negative regulator of osteogenic differentiation of hBMSCs by directly binding to the 3'-UTR of the BMPR1b gene. Importantly, our results show that down-regulating miR-125b improves bone regeneration and maturity in vivo, suggesting that the role of miR-125b in the regenerative capacity of hBMSCs offers a new therapeutic potential in bone tissue engineering.
